Abstract. We present very long baseline interferometry (VLBI) images of ten very high redshift (z > 3) quasars at 5 GHz. The sources 0004+139, 0830+101, 0906+041, 0938+119 and 1500+045 were observed in September 1992 using a global VLBI array, while 0046+063, 0243+181, 1338+381, 1428+423 and 1557+032 were observed in October 1996 with the European VLBI Network and Hartebeesthoek, South Africa. Most of the sources are resolved and show asymmetric structure. The sample includes 1428+423, the most distant radio loud quasar known to date (z = 4.72). It is barely resolved with an angular resolution of about 2.0×1.4 mas.
Introduction
There are about fifty known radio loud quasars at redshift z > 3 with a total flux density at 5 GHz S 5 > ∼ 100 mJy. Some of them have been imaged at 5 GHz with VLBI (Gurvits et al. 1992 Xu et al. 1995; Taylor et al. 1994; Frey et al. 1997; Udomprasert et al. 1997 ). Here we present first epoch VLBI images of a further ten z > 3 quasars. We show that their structural properties are similar to those of other known sources at z > 3. The present sample includes the most distant radio loud quasar known to date, 1428+423 at z = 4.72 (Hook & McMahon 1998) .
Our interest in studying the milliarcsecond radio structures in high redshift quasars is motivated in part by their potential usefulness for cosmological tests (e.g. Kellermann 1993; Gurvits et al. 1999) . Recent analysis of a Send offprint requests to: Z. Paragi, 1st address (paragi@sgo.fomi.hu) sample of 151 quasars imaged at 5 GHz with milliarcsecond resolution has led to the conclusion that a simple assumption about the spectral properties of "cores" and "jets" can explain the apparent greater compactness of the sources at higher redshift (Frey et al. 1997; Gurvits et al. 1999 ). However, this result is based on a sample with considerable spread of structural properties on milliarcsecond scale. More data on the milliarcsecond radio structures, especially at high redshift are needed to study the structural properties of the quasars as well as various cosmological models to test.
Observations, calibration and data reduction
Five sources (0004+139, 0830+101, 0906+041, 0938+119 and 1500+045) were observed during a single 24 hour observing run using a global VLBI array on 27/28 September 1992. Another five sources (0046+063, 0243+181, 1338+381, 1428+423 and 1557+032) were observed with the European VLBI Network (EVN) and the Hartebeesthoek Radio Astronomical Observatory 26 m antenna in South Africa on 25/26 and 27/28 October 1996. Source coordinates, redshifts and total flux densities at 6 cm are given in Table 1 . The parameters of the radio telescopes used in the two experiments are shown in Table 2 . The observations were made at 5 GHz in left circular polarization. Data were recorded using the Mk III VLBI system in Mode B with 28 MHz total bandwidth, and correlated at the MPIfR correlator in Bonn, Germany.
Initial calibration was done using the NRAO AIPS package (Cotton 1995; Diamond 1995) . Clock offset and instrumental delay errors were corrected using the strong sources 0804+499 and 0235+164 in the global and the EVN experiments, respectively. Data were fringe-fitted using AIPS using 5 minute solution intervals. We used the system temperatures measured during the observations and previously determined gain curves for each telescope for the initial amplitude calibration, which was then adjusted using amplitude calibrator sources, based on total flux density values measured nearly contemporaneously to our observations with the Effelsberg telescope. For the September 1992 experiment, this was also checked using VLA data obtained in parallel with our VLBI observation. Total flux densities determined from VLBI images were typically 10-15% smaller than those determined from the VLA observations, which may indicate either the presence of extended structures undetectable with VLBI or residual calibration errors. The Caltech DIFMAP program (Shepherd et al. 1994 ) was used for self-calibration and imaging, starting with point source models with flux densities consistent with the zero-spacing values. RMS image noises (3 σ) were 0.2-0.4 and 0.6-1.0 mJy/beam (depending on the telescopes' performance and integrated on-source time) for the global and the EVN experiments, respectively. Plots of self-calibrated correlated flux densities as a function of projected baseline length, as well as clean images resulting from the DIFMAP imaging process are shown in Fig. 1 for both experiments. Image parameters are listed in Table 3 . All sources but the most distant one, 1428+423, appear to be well resolved and most of them show asymmetric structure.
We performed model fitting in DIFMAP using selfcalibrated uv-data in order to quantitatively compare these sources with other extremely high redshift quasars. The results of model fitting are listed in Table 4 . In all cases we fixed the first component at the phase center. While we searched for the simplest possible model (i.e. the smallest possible number of Gaussian components), not all components can be distinguished as separate features on the maps. In the case of 0004+139, we kept only one component for the extended emission because the position angle of the beam lies close to the source structure direction and the correlated flux density versus uv-distance plot indicates the presence of a large component.
We also made 14
′′ resolution VLA D configuration images of the five sources observed in the 1992 global experiment. VLA data were obtained at the same time as the phased array data used for the global VLBI experiment. These images were made using the NRAO AIPS package with typically 3-6 iterations of self-calibration and imaging. We show VLA images of 0830+101 and 1500+045 in Fig. 2a and 2b , respectively. The other three sources appeared unresolved with the VLA in our observations.
Comments on individual sources
0004+139 The spectral indices of the source (S ∝ ν α throughout this paper) are α & Becker 1992) . It is unresolved with the VLA A-array (∼ 400 mas resolution) at 5 GHz (Lawrence et al. 1986 ).
Our VLBI image shows structure extending up to about 10 mas from the core to the SE direction (Fig. 1a) . The position angle of the beam is not well suited to resolve the fine details of this jet-like extension. The source is unresolved with the VLA D-array in our experiment with 14 ′′ resolution.
0046+063
The source has a flat radio spectrum between 1.4 and 4.85 GHz (α 4.85
1.4 = −0.0, White & Becker 1992). Our VLBI image shows a dominant central component and a prominent secondary component separated by 3.8 mas from the core in the NE direction (Fig. 1b) .
0243+181
The spectral index of this quasar is α 4.85 1.4 = 0.1 (White & Becker 1992) . Apart from the compact core, there is a weak extended feature 4.9 mas to the South (Fig. 1c) .
0830+101
The source is reported to be unresolved at 5 GHz with the VLA B-array (∼ 1.2 ′′ resolution), no extended emission has been found within about 51
′′ from the core (Lawrence et al. 1986 ). The spectral index of the source is α 4.85 & Becker 1992) . On the VLBI scale, it has two bright components near the core that perhaps delineate a slightly curved jet extending up to ∼15 mas (Fig. 1d) . Our VLA D-array map shows two faint components about 2 ′ from the core to the SE and NW which resembles a classical double lobe structure (Fig. 2a) . However, it is not clear from our VLA image whether these sources are physically related to 0830+101 or they are chance coincidences. The latter seems to be unlikely, but could not be ruled out based on our data. (1992) . If the flux density of the source did not change between the epochs of measurements this indicates that the source may be a Gigahertz Peaked Spectrum (GPS) quasar. This object has been identified as a ROSAT X-ray source (RXJ0909.2+0354). Its flux in the 0.1-2.4 keV range is f x = 9.9 ± 2.7 10 −13 erg cm −2 s −1 (Brinkmann et al. 1995) . The source is unresolved with the VLA D-array at 5 GHz. On VLBI scales, the core of 0906+041 is resolved with an extension to the NE (Fig. 1e) . A secondary compact component is separated by about 10 mas from the core.
0938+119 This source is identified as a quasar by Beaver et al. (1976) and has a very steep optical continuum more typical of BL Lac objects (Baldwin et al. 1976 ). The radio continuum peaks near 1 GHz (α Neff & Hutchings (1990) found radio emission with the VLA at 1.4 GHz on both sides of the radio core extending to 5 ′′ and 2
′′ from the centre. The source was studied in high energy bands, however, only upper limits are available for X-ray and γ-ray luminosities (Zamorani et al. 1981; Fichtel et al. 1994 ). The source is resolved by our observations and shows an extension of about 5 mas to the East (Fig. 1f) . It is unresolved with the VLA in our experiment. = −0.0, White & Becker 1992) is a candidate IERS radio reference frame object and serves as a link to the HIPPAR-COS stellar reference frame (Ma et al. 1997) . It is being monitored by geodetic VLBI networks at 2.3 and 8.4 GHz. In our 5 GHz imaging experiment the source appears to be resolved and shows a double structure elongated in the S-SW direction with the angular separation of 3.65 mas (Fig. 1g) . The component position angle and separation are in very good agreement with a recent 8.4 GHz global VLBI image by Bouchy et al. (1998) . Due to the lower resolution of our image we can not decide whether their component "c" is present between the two dominant components seen in our image.
1428+423
The radio spectral indices of the quasar 1428+423 -also known as GB1428+4217 (Fabian et al. 1997; Hook & McMahon 1998) It is the third highest redshift quasar known to date (Hook & McMahon 1998, z = 4.72) and the most distant known radio loud quasar. The quasar was detected in X-rays with the ROSAT High Resolution Imager in the (observed) 0.1-2.4 keV band (Fabian et al. 1997 ) and with various ASCA detectors in the (observed) band of 0.5-10 keV (Fabian et al. 1998 ). Both observations are in agreement and indicate that the SED of this source is strongly dominated by X-and γ-ray emission. The X-ray spectrum is remarkably flat. The quasar might be the most luminous steady source in the Universe, with an apparent luminosity in excess of 10 47 erg s −1 . The extreme X-ray luminosity of the quasar 1428+423 suggests that the emission is highly beamed toward us (Fabian et al. 1997 (Fabian et al. , 1998 .
Our VLBI image (Fig. 1h) suggests that the high z quasars may be systematically more compact then their less distant counterparts. Alternatively, as suggested by Fabian et al. (1997) , the highly beamed emission might be responsible for a selection effect resulting in detection of an otherwise weaker population of extremely high redshift quasars. Although the source is resolved, our VLBI image does not show any structure (Fig. 1i ). Our VLA image shows an extension to E-NE at about 33 ′′ (Fig. 2b) .
1557+032 This quasar is an IERS Celestial Reference
Frame candidate source (Ma et al. 1997) . It was also detected with the Parkes-Tidbinbilla interferometer at 2.3 GHz (Duncan et al. 1993 ) and found to be compact with a total flux density of 376 mJy. Our VLBI observations show that the source is resolved but featureless 
1428+423, i 1500+045 and j 1557+032. Map parameters are given in Table 3 Center at RA 08 30 39.400 DEC 10 09 58.00 (Fig. 1j) . There is no extended feature found down to 0.5% of the peak brightness.
Discussion
Frey et al. (1997) studied the parsec scale structural properties of radio loud QSO's using a sample of 151 quasars in the redshift range of 0.2 < z < 4.5 observed with sufficiently high resolution at 5 GHz. They determined the flux density ratios of the brightest "jet" and "core" components (S j /S c ) of the sources. The typical angular resolution of those VLBI observations was ∼1 mas. Because the linear resolution is better for the lowest redshift sources, they introduced a linear size limit to distinguish between jet and core components in order to compare the same linear sizes at different redshifts. One milliarcsecond sets the linear resolution to 7 pc for z > ∼ 1 sources up to the highest redshifts represented in the sample (H 0 =80 km s
and q 0 =0.1 were used to calculate linear sizes; the angular size of a fixed linear size is practically constant at z > ∼ 1 for plausible cosmological models). The value of 7 pc was not used in any quantitative way in their analysis, just as a threshold between cores and jets. Only components outside the core region were considered as jet components. They found a weak overall trend of a decreasing jet to core flux density ratio with increasing redshift which may be explained by the combined effect of the shifts of the emitting frequencies at different redshifts compared to the 5 GHz observing frequency and the different characteristic spectral indices in cores and jets.
We followed Frey et al. (1997) and calculated the jet to core flux density ratios (S j /S c ) for the z > 3 sources presented in this paper (last column of Table 4 ). We had to exclude two sources from the analysis, 0004+139 and 1500+045. In the former case, the angular resolution in the direction of the expected jet structure is considerably greater than 1 mas. The quasar 1500+045 may also have jet structure which is not observable in our data due to the unfortunate orientation of the 10.5 mas restoring beam. The S j /S c values for the other three sources observed in the 1992 global experiment (0830+101, 0906+041 and 0938+119) should also be interpreted with caution since the restoring beam is very elongated. However, we derived tentative S j /S c values because the direction of the jet structure indicated by our maps are nearly perpendicular to the major axis of the beam and the resolution in this direction is about 1 mas. In the case of 0938+119 and 1428+423, an upper limit of the jet flux density was calculated based on the beam sizes and the 3σ RMS noises on our images.
We added our eight new sources to the sample of Frey et al. (1997) . The median S j /S c values as function of redshift are shown in Fig. 3 . The data for all 159 sources are evenly grouped into 13 bins. Error bars indicate the mean absolute deviation of data points from the median within each bin. Upper limits and measured values are treated similarly. However, the plotted error bars are indicative of the scatter of the data. The solid curve represents the best least squares fit based on the 13 median values. Under the assumption that intrinsic spectral properties at the sources could be described by simple power-law dependence, the average difference between jet and core spectral indices can be estimated as α j − α c = −0.62 ± 0.45.
The three circles at the high redshift end of the plot in Fig. 3 show the upper limits of the jet to core flux density ratios for the most distant (z > 4) quasars imaged at 5 GHz with VLBI to date. The sources 1251−407 (z = 4.46, Shaver et al. 1996) Hook et al. 1995) which also appeared to be unresolved, however, at a considerably lower angular resolution (∼ 5 mas) than the other sources included in the sample (Frey et al. 1997) .
We note that in both cases available to date, radio structures in quasars at z > 4 (1251−407 and 1428+423) appear to be unresolved with a nominal resolution of ∼1 mas. The third case, 1508+572, albeit with a lower resolution of 5 mas, does not show a jet-like structure either. Qualitatively, it is consistent with the overall trend that steeper spectrum jets are fainter relative to flat spectrum cores at higher redshift because the fixed 5 GHz observing frequency implies high rest-frame frequency (for z > 4 the emitted frequency ν em = ν obs (1 + z) > 25 GHz). However, these sources appear to be much more compact than expected from the general trend shown in Fig. 3 . Even in Fig. 3 . Median jet to core flux density ratios versus redshift for 159 quasars of Frey et al. (1997) and this paper. Values are grouped into 13 nearly equally populated bins (12-13 sources per bin). The solid curve represents the best fit to the 13 median values. Circles indicate the upper limits of S j /S c for the three z > 4 quasars imaged with VLBI at 5 GHz to date (see Sect. 4.) the neighboring high redshift bins (3 < z < 4), it is unlikely that we find 3 randomly selected sources practically unresolved. A possible explanation for the observed compactness is that the spectral indices of the jet components become steeper with frequency, which results in a relative fading of the components with respect to the core at the high emitting frequencies (∼25 GHz) of the largest redshift sources. Future multi-frequency VLBI observations of more z > 4 radio loud quasars with the highest possible sensitivity and angular resolution should answer the question whether these objects are indeed intrinsically so compact or there is a strong observational selection effect responsible for their particularly compact appearance.
Conclusion
We have presented 5 GHz VLBI images of ten extremely high redshift (z > 3) quasars including the most distant radio loud quasar known to date (1428+423, z = 4.72). Most of the sources are well resolved and their morphology is asymmetric. Based on fitted Gaussian source model components, we have determined the jet to core flux density ratios. The values obtained are typical of high redshift radio quasars for sources in the redshift range 3 < z < 4. However, the most distant radio loud quasar, 1428+423, appears to be unusually compact.
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